the zona pellucida. Such sperm-zona pellucida binding dysfunction, alone or in association with other defects, leads to a Sergio Oehninger 1 failed or sub-optimal fertilizing capacity (Liu and Gordon
failures of sperm-oocyte fusion . The The objectives of this cross-sectional observational study advent and success of intracytoplasmic sperm injection (ICSI) were: (i) to detect DNA damage and plasma membrane has removed numerous barriers of sperm selection that were translocation of phosphatidylserine in purified sperm popumandatory for choosing those cells demonstrating superior lations of high and low motility, and (ii) to analyse their morphological and functional attributes in assisted reproducrelationship with the endogenous generation of reactive tion. Because of the concern of transmission of genetic disease oxygen species. Ejaculates from infertile men were examthrough ICSI, recent attention has re-focused on the genomic ined following gradient centrifugation. The main outcome integrity of the male gamete. measures were: sperm motion parameters (assessed with a Spermatozoa from infertile men have been shown to contain computer analyser), generation of reactive oxygen species various nuclear alterations, including an abnormal chromatin (measured by chemiluminescence), DNA damage (detected structure, chromosomes with microdeletions, aneuploidy and by terminal deoxynucleotidyl transferase-mediated dUDP DNA strand breaks. Hofmann and Hilscher (1991) reported nick-end labelling and monoclonal antibody labelling of on abnormalities of chromatin condensation secondary to single-stranded DNA) and translocation of membrane phosretention of histones using the aniline blue staining technique phatidylserine (examined with annexin V staining). DNA (Hofmann and Hilscher, 1991) . Using the sperm chromatin fragmentation and membrane translocation of phosphatidylstructure assay first described by Evenson et al. (Evenson serine were observed in the fractions with low and high et al., 1980) , Tejada et al. related denatured DNA frequency sperm motility in all patients. The fractions with low sperm with decreased fertility (Tejad et al., 1984) . This test utilizes motility had significantly higher proportion of cells with the metachromatic properties of acridine orange to distinguish DNA damage and production of reactive oxygen species between single (low pH-or heat-denatured) and doublethan the fractions with high sperm motility (P < 0.005).
stranded (native) DNA (Evenson et al., 1999) . Aravindan et al. DNA fragmentation was significantly and positively correl- (1997) showed that human sperm cells with DNA denaturation ated with the generation of reactive oxygen species (r ⍧ also contain DNA strand breaks as evaluated by the alkaline 0.42; P ⍧ 0.02). In conclusion: (i) spermatozoa from comet (single-cell microgel electrophoresis) and TUNEL (terinfertile men display translocation of membrane phosphatiminal deoxynucleotidyl transferase-mediated dUDP nick-end dylserine as diagnosed by annexin V positive staining; labelling of DNA) assays (Aravindan et al., 1997) . Manicardi (ii) DNA damage (fragmentation and presence of singleet al. also reported a strong correlation between DNA damage stranded DNA) can be detected in ejaculated spermatozoa (assessed by nick translation and terminal transferase assays) from infertile men in fractions with low and high sperm and underprotamination as examined by chromomycin motility, and (iii) there is a relationship between DNA (Manicardi, et al., 1995 (Manicardi, et al., , 1998 . damage and oxidative stress.
Differing theories have been proposed to explain the origin Key words: DNA fragmentation/membrane phosphatidylserine/ of DNA damage in mature spermatozoa. Damage could occur reactive oxygen species/spermatozoa at the time of, or be the result of, DNA packing during the transition of histone to protamine complex at spermiogenesis (late spermatid stage) (McPherson and Longo, 1992; Sailer et al., 1995) . Alternatively, DNA fragmentation could be the Introduction result of free radical-induced damage. DNA fragmentation in ejaculated spermatozoa (assessed by TUNEL and comet assays) It is well recognized that spermatozoa from infertile men possess multiple structural and functional defects. Under inhas been correlated with oxidative stress (endogenous generation or exogenous stimulus) and with impaired sperm functional vitro conditions, these abnormalities are manifested primarily as an inability to interact with the oocyte, particularly with competence, including poor fertilization rates in IVF (Sun et al., 1997; Aitken et al., 1998; Lopes et al., 1998a,b) .
Materials and methods

Reactive oxygen species (ROS) cause peroxidative damage to
Patients and preparation of semen samples the sperm plasma membrane (Alvarez et al., 1987; These studies were performed upon approval of the Institutional et al., 1989a,b; Iwasaki et al., 1992) . In addition, ROS are Review Board at Eastern Virginia Medical School. Semen was also known to attack DNA, inducing strand breaks and other obtained from men consulting for infertility who were undergoing oxidative-based damage in human spermatozoa (Hughes et al., evaluation at our andrology laboratory. The patients suffered from Kodoma et al., 1997; Twigg et al., 1998a,b) . Free primary infertility of at least 1 year duration. Their age ranged from 24 to 45 years, they were all non-smokers and had a normal radical-induced DNA damage of mammalian spermatozoa has physical evaluation. The only exclusion criterion was the presence also been associated with antioxidant depletion, presence of of Ͻ10ϫ10 6 /ml total motile spermatozoa in the original (posttransition metals in the sperm culture medium, leukocyte liquefaction) sample; this was determined in order to have sufficient contamination, redox cycling xenobiotics and testicular heating numbers of sperm cells to perform all planned measurements. Patients (Fraga et al., 1996; Lloyd et al., 1997; Shen et al., 1997;  (n ϭ 10) collected semen by masturbation into sterile cups following Hughes et al., 1998; Jarow, 1998; Twigg et al., 1998a,b Studies in animal models have demonstrated that apoptosis the HTM where it was maintained at 37°C for 2 min before starting is the underlying mechanism of germ cell death during normal data collection, which was conducted on randomly selected fields.
spermatogenesis (reviewed in Sinha Hikim et al., 1998).
Within this context, the objectives of the present study were: (i) to detect DNA fragmentation, presence of single-
Measurement of ROS production
stranded DNA and translocation of membrane phosphatidyl-ROS generation was monitored with the chemiluminescent technique serine in semen fractions of high and low sperm motility; described by Aitken et al. (1989 Aitken et al. ( , 1991 and (ii) to analyse the relationship between DNA damage dihydro-1,4 phalazinedione; Sigma Chemical Co., St Louis, MO, and phosphatidylserine redistribution and the endogenous USA) as the probe. In brief, suspensions of spermatozoa at 2.5ϫ10 6 / generation of ROS. Semen samples from infertile men were ml in a volume of 400 µl were exposed to 4 µl of luminol that were investigated; purified populations of spermatozoa with high stored as a 25 mmol/l stock solution in dimethylsulphoxide (Sigma).
and low motility were obtained by gradient centrifugation. post-luminol and pre-luminol (basal) conditions (∆ value). In order Table I . Motion parameters and generation of reactive oxygen species to ensure that the samples were free of any significant leukocytic (ROS) in fractions of high and low sperm motility infiltration, a second chemiluminescence reading was performed after addition of luminol and phorbol ester. None of the assessed samples Fraction with high Fraction with low P-value showed evidence of leukocyte infiltration (Krausz et al., 1992 serine residues to the outer layer of the plasma membrane was detected with the Annexin-V-Fluorescein kit according to instructions provided by the manufacturer (Boehringer Mannheim, Indianapolis, involved distribution of fixed cells into glass tubes, followed by IN, USA). Fluorescein-bound annexin V (green dye) serves as a centrifugation and decantation of fixative. Then, the pellet was refluorescent probe for apoptotic cells. Since necrotic cells are damaged suspended in 0.4 ml of PBS freshly supplemented with 5 mmol/l and leaky enough to give access of the probe to the inner membrane, MgCl 2 (to avoid denaturation of non-apoptotic cells) and vortexed. the assay involves simultaneous staining with the DNA stain propidHeating of the samples was performed by immersing the tubes for ium iodide (PI, red colour). Exclusion of PI coupled with binding 10 min into a circulating water bath (preheated to 99°C). of annexin V indicates membrane changes characteristic of early After the heating, the tubes were transferred into ice-cold water apoptosis.
for 10 min. The incubation was continued on ice for 15 min adding Following separation of the sperm fractions into high and low 0.4 ml of 40% fetal calf serum (Sigma) to the tubes containing 0.4 ml motility (see above) sperm cells were re-suspended in phosphateof cell suspension to block non-specific binding of antibodies. This buffered saline (PBS; Sigma) and incubated with annexin V reagent was followed by centrifugation, re-suspension of the pellet in 100 µl in HEPES buffer (Sigma) containing PI. Analysis of the samples was of mAB F7-26 and incubation for 30 min at room temperature. After performed using conventional epifluorescent microscopy. At least 100 rinsing twice with PBS, the pellet was re-suspended in 100 µl spermatozoa were randomly assessed per slide in five fields and of fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG, identified as normal (negative annexin V and PI), apoptotic (positive incubated for 30 min and rinsed with PBS. For fluorescent microscope annexin V and negative PI) or necrotic (positive PI). The intraevaluation, slides were counter-stained with DAPI for 3 min, dried observer variability was Ͻ6% and the inter-observer variability was and read. In all experiments, negative controls were carried out by Ͻ3% (Spearman rank order correlation between observers was r ϭ post-heating treatment with S1 nuclease for 60 min at 37°C (S1 0.9, P ϭ 0.0008).
nuclease eliminates staining of apoptotic cells, demonstrating that mAB binds specifically to single-stranded DNA). At least 100 sperm TUNEL assay cells were assessed per slide in five fields. With the use of the DNA cleavage may yield double-stranded, low molecular weight fluorescent microscope, spermatozoa stained with DAPI were first DNA fragments (mono-and oligonucleosomes) as well as single identified (bright blue nuclei) and manually counted under ultraviolet strand breaks (nicks) in high molecular weight DNA. Such DNA light. Thereafter, epifluorescence was used to assign cells as apoptotic strand breaks can be detected by TUNEL. Here, we used the In Situ (intense green nuclear fluorescence due to the FITC-labelled mAB) Cell Death Detection kit, Fluorescein (Boehringer Mannheim) that or normal (no fluorescence). The intra-observer variability was Ͻ8% uses fluorescein-dUTP as label according to manufacturer's instrucand the inter-observer variability was Ͻ8% (Spearman correlation tions. The high and low motility sperm fractions obtained as described coefficient between observers was 0.55, P ϭ 0.01). above were washed in PBS containing 0.5% HSA. Cells were fixed with 4% paraformaldehyde and were permeabilized with 0.1% Triton Statistical analysis X-100 in 0.1% sodium citrate. This was followed by incubation in One ejaculate from each patient (n ϭ 10) was independently assayed. the dark at 37°C for 1 h in TUNEL reaction mixture containing 0.5
The fractions with high and low sperm motility obtained from each U/µl of calf thymus terminal deoxynucleotidyl transferase and Fejaculate were compared in regard to motion parameters, ROS and dUTP. Negative (omitting the enzyme terminal transferase) and proportion of cells stained with annexin V (apoptotic, necrotic and positive (using DNase I, 1 mg/ml for 10 min at room temperature) normal), TUNEL and mAB (apoptotic and normal). Paired t-tests and controls were performed at the performance of each experiment. At 2-by-2 or 2-by-3 analyses of variance (ANOVA) taking into account least 100 cells were randomly analysed per slide in five fields.
within-subject measures (fraction with high sperm motility and Spermatozoa were first identified in the field using phase contrast fraction with low sperm motility per subject) were performed as microscopy and then analysed using epifluorescent microscopy. Each appropriate. Correlations were computed using Pearson's correlation cell was assigned as apoptotic (intense green nuclear fluorescence) coefficient. Results are presented as mean Ϯ SD. P Ͻ 0.05 was or normal (no fluorescence). The intra-observer variability was Ͻ 8% considered significant. and the inter-observer variability was Ͻ7% (Spearman rank correlation between observers was r ϭ 0.54, P ϭ 0.01).
Results
mAB to single-stranded DNA assay
The characteristics of the original ejaculates of the infertile The selective binding of anti-single-stranded DNA mAB F7-26 to men analysed were as follows: sperm concentration, range 13-apoptotic nuclei reflects decreased stability of DNA to thermal 271ϫ10 6 /ml (mean: 108 Ϯ 70), progressive motility, range denaturation. Here, we monitored DNA damage applying the Apostain 23-97% (mean: 67 Ϯ 25), and normal morphology, range 2-kit (Apostain, Inc., Miami, FL, USA). Each separated sperm fraction 15% (mean: 10 Ϯ 4). with high or low motility was re-suspended in PBS and fixed in cold Table I presents motion parameters and ROS values for the methanol-PBS. Fixed cells were stored at -20°C for 24 h. Heating conditions used to induce DNA denaturation in apoptotic nuclei separated fractions of high sperm motility (95% Percoll layer) values were 0-7% (3 Ϯ 3), and 4-17% (10 Ϯ 6) for the fractions with high and low sperm motility, respectively (P Ͻ 0.05). There was a significant positive correlation between the TUNEL and mAB techniques (r ϭ 0.78, P ϭ 0.03). The generation of ROS had a significant positive correlation with the presence of DNA damage (r ϭ 0.42, P ϭ 0.02) (Figure 2 ).
Discussion
As expected, the purified sperm fractions from the lower layer of the Percoll gradient (95% layer) demonstrated a lower generation of ROS and markedly superior motion parameters including higher spontaneous hyperactivated motility. The sperm fractions of low motility (40% Percoll layer), containing more defective (morphologically and functionally) and non- levels of ROS (Alvarez et al., 1987; Aitken et al., 1989a,b) . Functionally abnormal sperm cells have been considered to be the main source of ROS, but other cells, particularly leukocytes, can also have a contributing activity. However, we demonstrated negligible leukocytic infiltration in the studied samples. Our results confirmed that spermatozoa obtained from different layers after density gradient centrifugation (poor and good quality spermatozoa) can generate ROS (Aitken and West, 1990) .
Here, both layers (with low and high sperm motility) of the fractionated ejaculates of all the infertile men studied had a variable proportion of spermatozoa with membrane translocation of phosphatidylserine and DNA damage. Previous reports demonstrated DNA fragmentation in ejaculated spermatozoa of normozoospermic donors and infertile donors showed DNA fragmentation . Sun et al. (1997) communicated that in motile sperm cells obtained after swim-up separation from infertile men (many of them and low sperm motility (40% Percoll layer). Progressive motility and hyperactivated motility were significantly higher undergoing IVF) the percentage of spermatozoa with fragmented DNA was Ͻ4% in the majority of the samples (but in the 95% layer. Conversely, ROS generation was significantly higher in the fractions with low sperm motility.
showed an upper range of 40%) (Sun et al., 1997) . These authors used the TUNEL assay and fluorescent-activated cell The results of annexin V staining demonstrated a similar proportion of cells depicting membrane phospholipid translocasorting. The sperm populations analysed, the separation methods and differing techniques used to assess DNA damage tion in the fractions with high and low sperm motility (17 Ϯ 12% and 11 Ϯ 5% respectively, P Ͼ 0.5) (Figure 1 ). In the may explain the differences in the proportion of affected cells among those studies. fractions with high sperm motility, the range of annexin V positive cells was 4-42%; this range was 1-17% in the Our results using TUNEL showed low levels (mean level of 1%) of DNA damage in the purified sperm fractions of fractions with low sperm motility. The proportion of cells diagnosed as necrotic (PI positive) was significantly higher in superior motility (considered to be the functionally competent cells). This figure was significantly higher in the low motility the fractions with low sperm motility (mean value of 70 Ϯ 8% versus 7 Ϯ 2% in the fractions with high sperm motility, fractions (mean level of 11%), known to contain defective spermatozoa. The TUNEL assay detects DNA strand breaks. P ϭ 0.002).
The proportion of spermatozoa with DNA fragmentation (as Terminal deoxynucleotidyl transferase is able to label blunt ends of double-stranded DNA breaks independently of a depicted by TUNEL) and with single-stranded DNA (as detected with the mAB) was significantly higher in the fractions template. The TUNEL method has been claimed to be more sensitive and specific for the detection of apoptosis than the with low sperm motility (Figure 1 ). For TUNEL, the range (and mean) of sperm cells having DNA damage were 0-3% in-situ nick translation (which utilizes DNA polymerase and is template-dependent) but both assays may be combined when (1 Ϯ 1) and 4-25% (11 Ϯ 7) for the fractions with high and low sperm motility, respectively (P Ͻ 0.05). For mAB, these trying to differentiate apoptosis from necrosis (Gold et al., 1994) . However, a favourable comparison of such techniques translocation of phosphatidylserine while maintaining cellular integrity (Homburg et al., 1995; Verhoven et al., 1995) . More when examining human spermatozoa has been reported (Manicardi et al., 1998) . Nevertheless, even the detection of studies are needed to assess whether sperm populations with high motility and positive annexin V staining are functionally fragmented DNA (TUNEL assay) may fail to discriminate among apoptosis, necrosis and autolytic cell death (Graslcompetent (i.e. can bind to the zona pellucida, can respond to agonistic stimuli that trigger the acrosome reaction, or can Kraupp et al., 1995; Charriaut-Marlangue and Ben-Ari, 1995) . Ultrastructural studies may be needed to definitively establish fertilize homologous oocytes). This seems unlikely since the redistribution of phospholipids probably affects membrane a specific diagnosis of apoptosis (Baccetti et al., 1996) .
In addition to TUNEL, we employed an assay to identify symmetry and charge, which can lead to severe membrane dysfunction (i.e. disruption of channels, receptors, etc.). It is single-stranded DNA by the mAB F7-26 (Frankfurt, 1994; Frankfurt et al., 1994 Frankfurt et al., , 1996 Frankfurt et al., , 1997 ). This probe is considered possible, therefore, that the annexin V assay may be able to identify sperm populations of poor functional competence in to be a specific and sensitive cellular marker of apoptosis (Frankfurt et al., 1996) . While TUNEL detects DNA fragmentathe presence of otherwise normal 'basic' sperm parameters. On the other hand, the purified sperm populations with low tion associated with late apoptosis, mAB to single-stranded DNA detect earlier stages of apoptosis and stain apoptotic cells motility manifested a large proportion of non-viable (necrotic) cells as stained with PI. Nuclear damage (assessed by TUNEL in the absence of low molecular weight DNA fragmentation (Desjardins and MacManus, 1995; Frankfurt et al., 1996) . This and mAB) was present in~9-11% of the sperm cells. Coincidentally, a similar proportion of spermatozoa showed evidence seems to be related to the fact that proteolysis is an early, and probably universal, event in apoptosis (Martin and Green, of membrane phospholipid translocation (10%). Future studies where the same cells are sequentially stained with annexin V 1995; Ashkenas and Werb, 1996) . To the best of our knowledge, this is the first application of the assay to human spermatozoa.
and TUNEL (or mAB) may provide information as to the simultaneous presence and temporal sequence of membrane The mAB assay showed very similar results to those of TUNEL in both separated sperm fractions and the techniques and nuclear apoptotic changes in human spermatozoa. Also, it will be important to define the degree of such changes in were significantly and positively correlated. The use of an independent assay reported to be specific for apoptosis detecsamples with more severe degrees of oligoasthenoteratozoospermia than the ones studied herein. tion in other cell types along with the TUNEL method raises the question: is the DNA damage detected in the spermatozoa The generation of ROS by human spermatozoa has been implicated in the control of normal sperm function (Aitken an expression of apoptosis? Further studies are needed in order to definitely answer this issue. et al., 1989b; de Lamirande and Gagnon, 1993a,b) and in the aetiology of male infertility associated with a peroxidationSpermatozoa from both sperm fractions from all ejaculates demonstrated staining with annexin V. Contrary to the DNA induced loss of plasma membrane function (Jones et al., 1979; Alvarez et al., 1987; Aitken et al., 1989a Aitken et al., ,b, 1992 . Altered damage results, the purified fractions with high motility shown a similar proportion of annexin V positive cells compared to functions include motility, sperm-zona pellucida binding, induction of acrosomal exocytosis, sperm-oocyte fusion and the low motility fractions. Redistribution of phosphatidylserine in the plasma membrane is an early event in cells undergoing the capacity to regulate intracellular calcium levels Oehninger et al., 1995) . Additionally, it has apoptosis (Fadok et al., 1992; Vermes et al., 1995) . Because of the simultaneous use of PI, the assay been recently reported that ROS (endogenously generated or provided as an exogenous stimulus) can cause an increase in allows for a clear distinction between apoptotic versus necrotic cells. The finding of translocation of phosphatidylserine in DNA fragmentation in human spermatozoa Lopes et al., 1998a,b) . The significant positive correlation the fractions with highest motility and functionally superior spermatozoa was unexpected. Some of those spermatozoa observed in our studies between generation of ROS and DNA damage extends those observations and suggests a relationship might therefore be undergoing early stages of apoptosis. Conversely, annexin V-binding could be a reflection of sperm between oxidative stress and genomic integrity of human spermatozoa . capacitation or processing techniques. Studies are continuing in our laboratory to address these issues. Furthermore, recently If the nuclear and membrane abnormalities detected herein are a true expression of apoptosis, then research should focus published results demonstrate that even when human spermatozoa survive freezing apparently undamaged, lipid diffusion on the temporal-spatial aspects and mechanisms underlying the process. Apoptosis could be triggered at the time of in their plasma membranes is significantly compromised, especially over the acrosomal domain (James et al., 1999) .
spermiogenesis (due to genetic, paracrine or environmental factors?) or at the time of sperm storage and/or transit in the Glander and Schaller (1999) have recently advocated the use of the annexin V-binding assay for the evaluation of genital tract (where ROS released from defective cells or secondary to inflammatory processes may readily affect memthe quality and integrity of human spermatozoa following cryostorage. Moreover, nuclear (examined by in-situ DNA branes and DNA). While relatively low concentrations of H 2 O 2 inhibit cell death by triggering a survival pathway, high doses nick-end labelling) and membrane (examined by annexin Vbinding) apoptotic changes induced by the spermicide oxovanaof ROS are apoptotic under cell culture conditions (Lee and Um, 1999) . Recently, it was reported that spermatozoa from dium in human spermatozoa have been demonstrated (D'Cruz et al., 1999) . It is known that subpopulations of lymphocytes infertile men have a clear increase in the positivity of the cell surface protein Fas (Sakkas, 1999; Sakkas et al., 1999) . The and neutrophils undergoing early stages of apoptosis manifest de Lamirande, E. and Gagnon, C. (1993b) Human sperm hyperactivation as Fas receptor/Fas ligand system may trigger cell death (Brunner part of an oxidative process. Free Radical Biol. Med., 314, 157-166. et al., 1995; Dhein et al., 1995; Ju et al., 1995 
